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Abstract 
In the recent years, research has been conducted on implementing additive 
manufacturing technologies in the building construction sector by using concrete as 
raw material. The first aim of this dissertation was to identify and present all the 
advantageous characteristics and challenges of concrete additive manufacturing. 
Secondly, an experimental program was conducted in order to develop new concrete 
mixtures prepared with different materials that can be used for specific applications. 
Expanded perlite, limestone and olivine were used as aggregates in order to produce 
light, normal and heavy weight concrete respectively. The properties of concrete 
mixtures produced with these aggregates at fresh and hardened state were tested and 
compared. Multiwall Carbon Nanotubes (MWCNTs) were also added in concrete in 
order to increase the strength and provide piezoelectric behaviour.  Finally, concrete 
additive manufacturing was implemented and relation between buildability and 
workability was established. Results showed that effective mixtures can be produced 
with these materials and applied in various applications, using the concrete additive 
manufacturing process. 
The author would like to acknowledge the contribution of the supervisor Prof. P. 
Kyratsis for his guidance, Dr. D. Tzetzis for providing the MWCNTs and sonication 
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Preface 
The present dissertation deals with concrete additive manufacturing. In the first 
chapter of introduction, the most recent results about this theme that exist in the 
literature are presented. These results are evaluated in order to establish the research 
questions. In the chapter of the research design and methothology, information about 
concretes of different density, the materials that are going to be used for their 
production and the tests that are going to be conducted in the laboratory are given. 
The experimental programm consists of the implementation and testing of the 
proposed concrete mixtures. The dissertation complets with the discussion of the 
laboratory results, suggestions of possible applications and construction methods of 
the concrete mixtures and recomedations for further research.  
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1. Introduction 
1.2.  Additive manufacturing methods  
In the additive manufacturing process, 3D objects are constructed by adding 
material layer-by layer. The material may differ on the type (metal, plastic, concrete) 
or on the form (liquid, powder, solid). The 3D model can be designed from scratch in 
a CAD software or created as a digital model from an existing item by using reverse 
engineering techniques. There are many applications of the additive manufacturing 
method that fulfill various needs of customers and enterprises, like visualization of 
prototypes or customization of products. Different additive manufacturing methods 
exist that either fuse or glue the material [1,2].  
1.2.1 Stereolithograghy (SLA) 
In this method, a UV light is used to solidify a liquid photosensitive polymer 
on a plate base. When the first layer is ready, the surface is smoothened by a moving 
blade, then the base is lowered by a distance that is equal to the thickness of the 
layer and the second layer is formed with the same procedure (Picture 1). The 
procedure is repeated until the product is formed. A final cure is performed on the 
item by using a UV oven or immersion in isopropyl alcohol. After curing, supports are 
removed and surface may be polished for better result.  
 
Picture 1: Scheme of SLA procedure 
Among the advantages of this method are the speed of manufacturing, good 
mechanical properties of the product and the low layer thickness (0,05-0,15mm).  
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The need for supports and the relatively high cost are the drawbacks. 
Stereolithograghy is applied for producing items for functional testing, form testing, 
rapid tooling, presentation models, high temperature applications and very detailed 
parts. 
1.2.2 Fused Deposition modeling (FDM) 
FDM was first developed in 1980s by S. Scott Crump. Nowadays, the patent 
has expired and the technology is an open source developing area that has reduced 
significantly the cost. In this method, a material in the form of string is extruded 
through a nozzle that keeps the track of the cross sectional geometry of the part, 
layer by layer. Before the final extrusion, the material is heated for better flow 
through the nozzle and forms the layer. The material hardens immediately after 
flowing from the nozzle and bonds to the layer below. A fan may be used for quicker 
cooling. After the completion of the layer, the base platform is moved by a distance 
that is equal to the thickness of the layer. Support of the extruded material is 
required. Another nozzle is used that extrudes a different material, usually soluble in 
water (Picture 2). 
  
Picture 2: Scheme of FDM procedure 
A range of materials can be used including wax for investment casting, ABS, 
polycarbonate, polyamide, polypropylene and polyethylene. The vertical dimensional 
accuracy and layer thickness are determined by the diameter of the extruder. 
Accuracy (optimum 0,127mm) and speed are relatively good, but surface is rather 
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rough. FDM is used for form and functional testing, small parts, rapid tooling 
patterns, presentation models, patient and food applications.  
1.2.3 Laser Sintering 
Laser sintering is like SLA, however powder is used instead of liquid. A laser 
beam heats and joins together the powder material. The laser energy that is 
transferred to the powder is the most critical parameter. The procedure is done in a 
chamber with heated nitrogen because there is a chance of condensation or 
shrinkage. No supports are required since the powder is more stable than a liquid. A 
layer thickness of 0,1-0,15 mm can be achieved. Laser Sintering allows for a wide 
range of materials. Most ordinary ones are glass, nylon and filled nylon (Selective 
Laser Sintering, SLS). Metal powder is used in Direct Metal Laser Sintering (DMLS). A 
high power laser beam melts completely the metal powder and the part has the 
same properties as the original material. The metal powder can be alloy steel, 
stainless steel, tool steel, aluminum, bronze, cobalt chrome, and titanium. Laser 
sintering can be applied for form/fit testing, rapid tooling, parts with snap-fits and 
living hinges, high heat applications, medical implants and aerospace parts.  
1.2.4 3D-Printing 
3D printing is similar to Laser Sintering. An ink-jet printing head deposits a 
liquid adhesive that binds metal or ceramic powders instead of using a laser to sinter 
the material. This method offers the advantage of fast building speeds, typically 2-4 
layers per minute. Supports are not required since the remaining free standing 
powder supports the part. Like Laser Sintering, after a layer is built, the platform 
base is lowered and a new layer of powder is added on top of the model (Picture 3). 
Support material is not needed and the layer thickness varies between 0,09 and 
0,10mm. Metals, elastomers, composites and ceramics may be used as materials in 
the production of concept, architectural and colored industrial models.  
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Picture 3: Scheme of 3D Printing procedure 
1.2.5 Other methods 
In the Inkjet Printing method, the ink is replaced with thermoplastic and wax 
materials, which are held in a melted state and are solidified immediately after 
printing. Jetted Photopolymer combines the techniques used in Inkjet Printing and 
Stereolithography. An array of inkjet print heads are used to deposit tiny drops of 
build and support material to form each layer. The build material, which is a liquid 
acrylate-based photopolymer, is cured using a UV lamp. The advantages of this 
process are very good accuracy and surface finishes. However, the feature detail and 
material properties are not quite as good as in the SLA procedure. In Laminated 
Object Manufacturing (LOM), parts are produced by stacking, bonding, and cutting 
layers (laser cut) of adhesive-coated sheet material. 
1.3. Concrete additive manufacturing 
Additive manufacturing is an innovative and nowadays commercially 
available construction method of products that creates new frontiers in product 
personalization, allowing original ideas to be materialized. In the recent years, 
research has been conducted on implementing additive manufacturing technologies 
in the building construction sector by using concrete as raw material. In the case of 
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common concrete applications, concrete is placed into formwork and then vibrated 
to fabricate building parts of the bearing structure. Self compacting concrete does 
not require compaction since the fresh mixture is of high fluidity, but properly sealed 
formwork is needed in order to avoid leakage of the material. No formwork is used 
in sprayed concrete. The material is sprayed in a base surface that works as a 
substrate. Again, no compaction is applied.  
In concrete additive manufacturing, instead of using traditional formwork 
and/or applying compaction, concrete is printed layer upon layer. In the case of 
complex 3D geometry, this is a great advantage since complex formwork is expensive 
to produce. Another advantage of this method is the automated process that uses 
directly the digital model, without the need of labor. The drawbacks are the limited 
resolution, difficulties in implementation of reinforcement and high cost.  
There are various concrete printing methods and Contour Crafting (CC) 
developed by Khoshnevis in the University of Sothern California is the oldest one.  A 
gantry system that carries the nozzle that extrudes concrete, moves on two parallel 
lanes, as shown in Picture 4 [3,4].   
 
Picture 4: Contour Crafting in construction [4] 
 
The smoothness between the layers of the extrusion is achieved by 
constraining the extruded flow in the horizontal and vertical direction. Similar 
implementations of this technique exist worldwide. Andrey Rudenko has constructed 
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a 3D concrete hotel and castle [5]. Yingchuang in China has printed up to ten houses 
in 24 hours with this method [6].  
Concrete Printing (CP) is a similar technique to Contour Crafting developed at 
the Department of Civil and Building Engineering of the Loughborough University, 
however, has a smaller resolution of deposition to achieve higher dimensional 
freedom, as it allows greater control of internal and external geometries. Fibers are 
also added to increase the mechanical properties [7]. D-Shape method on the other 
hand is similar to 3D printing. A binder is used to selectively harden powder [8]. This 
method is tested for constructing components for an outpost with Lunar soil [9].  In 
the University of Laval, a large scale printer suspended with cable is developed [10].  
 
 
Picture 5: Examples of constructions from each process, (a) D-Shape, (b) Contour Crafting 
and (c) Concrete Printing [7] 
The most critical but also conflicting factors for effective application of 
concrete additive manufacturing are the ability of fresh concrete to flow and the 
extrudability. If the concrete mixture is very workable, green strength is reduced and 
the structure may collapse by its own weight. If workability is low, the material will 
not be able to be extruded. Consistency and setting time of concrete can be adjusted 
with the use of chemical admixtures (superplasticizers, accelerators, retarders). 
Reinforcement is also another issue. Fiber reinforcement is feasible in concrete 
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additive manufacturing but can cause problems to extrudability and does not 
connect one layer with the other [11]. Coil reinforcement has been proposed to 
bypass this problem [3]. However, steel bar reinforcement used in traditional 
building construction cannot be implemented.  
The aggregates used in concrete for additive manufacturing are in most of 
the cases of small grain size for better extrudability through the nozzle. High amount 
of high strength cement is used with cement/aggregate ratio 0,4-0,6. 
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2. Research Questions 
After the presentation of the literature review, the following research questions 
have raised.  
 2.1 Question 1: Materials  
Is concrete additive manufacturing feasible with materials available in the Greek 
market?  
There are many concrete mixtures developed for additive manufacturing that 
are prepared with different materials (aggregates, cements, admixtures). In this 
dissertation, materials commercially available in the Greek market are used in order 
to develop concrete mixtures with the appropriate properties (workability, 
buildability, strength, etc.) for use as additive manufacturing material. 
2.2 Question 2: Concrete density-Specific applications  
Depending on the density of concrete for additive manufacturing, in which 
applications could it be utilized and what materials should be used for its 
production?  
The applications of concrete are numerous and determine its desirable 
properties and therefore, the materials by which it is produced. The density of 
concrete is an important property that is mainly affected by the density of concrete 
aggregates. Lightweight concrete can be produced using lightweight aggregates such 
as expanded perlite for better thermal insulation and lower construction 
deadweight. Normal weight concrete can be used for common constructions while 
heavyweight concrete is used for specific applications, such as radiation shielding 
material, counterweight in cranes or ships, as material for immersing cables 
underwater or as vibration and noise reduction material. In this dissertation, 
expanded perlite, crushed limestone and olivine is used to produce lightweight, 
normal weight and heavyweight concrete mixtures respectively. Possible 
applications of these mixtures are also given. 
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2.3 Question 3: Concrete additive manufacturing-Reinforcement  
Is it possible to construct buildings with reinforced concrete using the additive 
manufacturing method?  
As described in the introduction, there are some suggestions in the literature 
on how to implement reinforcement in concrete for building construction using the 
additive manufacturing method. A new method is proposed here.  
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3. Research Design and Methodology 
The aim of this research is to develop concrete mixtures with different 
densities that are going to be used as material for additive manufacturing. The 
variables of the research are the constituents of concrete and their proportions in 
the mixture. The optimum values of these variables in order to develop and produce 
effective lightweight, normal weight and heavyweight concrete for additive 
manufacturing can be obtained by testing and measuring specific physical and 
mechanical properties of these concretes. In the following paragraphs, information 
about concretes of different density, the materials that are going to be used for their 
production and the tests that are going to be conducted in the laboratory are given. 
3.1 Concrete types  
Concrete in its most common form is a composed of aggregates, cement and 
water. The chemical reaction of cement and water binds all the constituents 
together and creates a stone-like material. Other supplementary materials can also 
be induced during the mixing, like chemical additives or fibers in order to modify the 
properties of concrete in fresh or hardened state. The density of concrete is affected 
mainly by the type of aggregates. The characteristics of lightweight, normal weight 
and heavyweight concrete are presented briefly below. 
3.1.1 Normal weight concrete 
Normal weight concrete is concrete with a density ranging from 2200 to 2400 
kg/m³. It is mainly produced by using natural aggregates that are locally available. Its 
cost depends primarily on the cost of cement and supplementary cementitious 
materials like fly ash or ladle furnace slag can be used in order to reduce it. 
3.1.2 Lightweight concrete 
Structural concrete is considered lightweight when its density ranges from 
1440 to 1840 kg/m³ *12]. The first known use of lightweight concrete dates back over 
2000 years with the most notable structures built during the early Roman Empire 
(Coliseum, Pantheon Dome, Port of Cosa). Nowadays, lightweight concrete has many 
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and varied applications, including multistory building frames and floors, curtain 
walls, shell roofs, folded plates, bridges, prestressed or precast elements of all types, 
marine structures, and others [13]. The aggregates that are used for the production 
of lightweight concrete are classified according to the type of concrete construction 
(ex. masonry, insulation, structural) in the ASTM C332 Standard [14]. For structural 
lightweight concrete, the aggregates follow the ASTM 330 Standard [12]. The main 
advantages of lightweight concrete are the lower deadweight that reduces 
construction cost and dimensions of bearing components and better thermal 
insulation (Table 1). 
Table 1: Analysis of shipping costs of concrete products [13] 
 
3.1.3 Heavyweight concrete 
The main use of heavyweight concrete is as material for biological protection 
against radiation. There are other non-radiation shielding applications such as 
counterweight in cranes, ships or bridges, as material for immersing cables or gas 
pipelines underwater, or as vibration and noise reduction material. However, its 
main use is for shielding against ionizing radiation that besides the nuclear sector can 
be found in other cases like [15,16]: 
 Tanks for storing and transporting radioactive wastes 
 X-ray and gamma-ray cancer treatment facilities 
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 Research laboratories 
 Industry  
The most important design factors of the design of heavyweight concrete 
mixture are the density and the cost of materials (mainly the aggregates) [15]. 
According to ASTM C637, heavyweight aggregates are classified according to their 
origin to natural, like serpentine, barite and hematite or artificial, like iron, calcium 
boride or depleted uranium [17]. There are many research studies in the literature 
about heavyweight concretes produced with different natural or artificial aggregates 
[18,19,20]. For example, Akkurt et al (2010) proved that barite aggregates increase 
the radiation shielding properties of concrete [18].  
The ACI 304R-00 reported by the ACI Committee describes the requirements 
regarding the mixture proportions, materials and mixing and placing methods for 
heavyweight concrete [15]. In nuclear applications, there are also requirements for 
higher resistance to frost, high temperatures, chemical etching and impact loads 
[21].   
3.2 Materials 
As shown above, the way to produce concretes with different density is to 
use different aggregates. The aggregates and also other materials used in this study 
in order to develop the concrete mixtures for lightweight, normal weight and 
heavyweight concrete are presented below. 
3.2.1 Expanded Perlite 
Perlite is a natural volcanic rock that expands significantly (4-20 times its 
original volume) when heated to temperatures of 850 to 900°C, producing the 
expanded perlite [22]. This volume increase is accompanied with a highly porous 
structure, high water absorption and low density (1100 kg/m3). Due to its properties, 
perlite is used in different sectors such as construction, agriculture, medical and 
chemical industry. Because of its low density, expanded perlite can be used to 
produce lightweight concrete [12,14]. Besides the reduction of density, the use of 
perlite in concrete also gives other beneficial characteristics. The high water 
absorption of perlite can provide water for the curing of concrete in later ages [23]. 
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Also, concretes with perlite show better insulating properties since the thermal 
conductivity of concrete is reduced [24]. In this study, Greek expanded perlite was 
used with a maximum aggregate size of 1mm. 
3.2.2 Crushed Limestone 
Crushed limestone is the most common natural aggregate used in the 
construction sector in Greece. It has a specific density of 2650 kg/m³ and depending 
on the crushing, it is available in different grain sizes. The limestone used here had a 
maximum aggregate size of 0,06mm. 
3.2.3 Olivine 
Olivine is a common natural mineral found in the Earth's subsurface and the 
main constituent of dunite. Its chemical type is (Mg,Fe)2SiO4.  Its density is relatively 
high reaching 3300 kg/m³. As a source of magnesia, it is used in applications where 
hardness and resistance to high temperatures is required like fire resistant bricks, 
coating of furnaces and sand blasting material. In Greece olivine is excavated in an 
area near Kozani. In concrete, it can be used as aggregate for the production of fire 
resistant shotcrete for tunnel lining [25]. The fraction used in this study was 0-
0,75mm. 
3.2.4 Cement 
In order to obtain high strength levels, white cement type CEM I52,5N was 
used from the industry TITAN.  
3.2.5 Admixtures 
Superplastisizer Domylco Chemium 174 was used to increase workability of 
fresh concrete. Sika Plastiment 20-R, a  liquid plasticizer and water reducer, which 
also acts as a retarder of setting time of cement, was also used to increase workable 
time of concrete. 
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3.2.6 Multi Wall Carbon Nano Tubes 
Carbon nanotubes (CNTs) are considered one of the most beneficial 
nanomaterials for nano-reinforcement [26]. CNTs exhibit amazing mechanical 
properties, with the Young's modulus of an individual nanotube range around 1 TPa 
with a density of only 1,33 g/cm3 [27]. Research attempts of using CNTs in concrete 
exist in the literature, showing improvement of the mechanical properties of 
concrete [26,28], and providing to concrete strain and damage sensing ability [29]. 
The major challenge associated with the use of CNTs in concrete is poor dispersion 
which reduces their effectiveness in the matrix [30]. In this study, effective 
dispersion of Multiwall CNTs (MWCNTs) in water was achieved by using a surfactant 
and additionally applying ultrasonic energy. 
3.3 Laboratory tests 
In order to obtain the optimum proportions of the materials in the concrete 
mixtures, various test where conducted in the fresh and hardened state of concrete. 
3.3.1 Design and Preparing the mixtures 
Since the equipment for printing concrete has a nozlle with diameter of 0.4 
mm, only fine aggregates were used. Lightweight concrete was produced by using 
expanded perlite as aggregate. For normal weight concrete limestone was used, and 
olivine was used for the high density concrete. The total volume of the aggregates in 
all the mixtures was kept the same, but since they have different densities, the 
cement/aggregate ratio which is given by weight (b.w.) was also different. Water to 
cement ratio also differs and was suitably adjusted in order to achieve the same 
workability for all the mixtures. The mixing of the materials was conducted according 
to EN 196-1 Standard [31].  Two Groups of mixtures were produced. In the 1st Group, 
no admixtures were added in concrete. In the 2nd Group, chemical admixtures were 
incorporated in order to improve the properties of fresh concrete and MWCNTs in 
order to increase the mechanical properties of hardened concrete. MCNTs are added 
in the mixture as a percentage of cement, with the addition ranging from 0,5-0,2% 
b.w. In this study, the MWCNT/cement ratio was 0,001 b.w. In order to achieve an 
effective dispersion of MWCNTs in the matrix and avoid formation of agglomerates, 
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they were dispersed in the mixing water by applying ultrasonic energy (duration 60 
minutes) in combination with the use of a surfactant (Chemium 174). The 
surfactant/MWCNT ratio was 5 b.w. and the MWCNT/water ratio was 0,002 b.w.  
3.3.2 Properties of fresh concrete 
Consistency of fresh concrete was measured according to EN 1015-3:1999 
[32] immediately after mixing and for a period of 30’ (Picture 6). After the test, the 
fresh concrete was cast in prismatic moulds 4x4x16 cm for measuring the mechanical 
properties and 2x2x28 cm for measuring the drying shrinkage (Pictures 7,8).  
 
Picture 6: Measurement of expansion on the flow table after 15 hits 
 
Picture 7: Prismatic moulds for measuring the mechanical properties of mixtures 
3.3.3 Drying Shrinkage 
The change of the length of concrete specimens because of the drying 
shrinkage was measured up to 28 days of curing in a curing chamber (20°C and 50-
60% humidity) according to ASTM C157-03 [33], as shown in Picture 8.  
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Picture 8: Measuring device for recording the length change of specimens 
3.3.4 Density, strength and UPV 
After 28 days of curing of the specimens in a curing chamber with 20°C and 
99% humidity, the physical and mechanical properties were measured. Unit weight, 
flexural and compressive strength were measured according to EN 196-1 [31]. 
Ultrasonic Pulse Velocity (UPV) through concrete was also measured according to EN 
12504-4 [34], which gives information about the presence of voids or cracks in the 
matrix and is a non destructive method to estimate strength.  
3.3.5 Fracture energy-Flexural Modulus of Elasticity 
The flexural fracture energy for the 3-point bending test was calculated 
according to JCI-S-001 Standard [35], by recording the values of load-Crack Mouth 
Opening Displacment (CMOD) during the test on notched beams. The fracture 
energy is given by the following equations: 
𝑮
𝑭=
𝟎.𝟕𝟓∙𝑾𝟎+𝑾𝟏
𝑨𝒍𝒊𝒈
 
 
𝑾
𝟏=𝟎.𝟕𝟓∙ 
𝑺
𝑳𝒎𝟏+𝟐𝒎𝟐 𝒈∙𝑪𝑴𝑶𝑫𝒄
 
Where: 
GF = fracture energy (N/mm
2) 
W0 = area below CMOD curve up to rupture of specimen (N∙mm)  
W1 = work done by deadweight of specimen and loading jig (N∙mm) 
Alig = area of broken ligament (b∙h) (mm
2) 
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m1 = mass of specimen (kg) 
S = loading span (mm) 
L = total length of specimen (mm) 
m2 = mass of jig not attached to the machine but placed on specimen until rupture 
(kg) 
g = gravitational acceleration (9,807 m/s2) 
CMODc = crack mouth opening displacement at the time of rupture (mm) 
 
The flexural modulus of elasticity was also measured according to ASTM 
C580-02 [36] using the equation:  
𝑬𝑻 =
𝑳𝟑 ∙ 𝑴𝟏
𝟒 ∙ 𝒃 ∙ 𝒅𝟑
 
 
Where: 
ET = flexural modulus of elasticity (N/mm
2) 
L = loading span (mm) 
M1 = slope of the initial straight-line portion of the load-deflection curve (N/mm) 
b = width of the specimen (mm) 
d= effective height of specimen (mm) 
3.3.6 Exposure to high temperatures 
High density concrete requirements specify that it must resist to high 
temperature exposure. For this reason, olivine concrete specimens were placed in an 
oven and heated up to 600°C, with an average heating rate of 4,65°C/min, and 
compared with normal weight concrete with limestone aggregates. The residual 
density, UPV and flexural and compressive strength were measured after the cooling 
of the specimens in room temperature.  
3.3.7 Self sensing properties of concrete with MWCNTs 
The electric resistivity of concrete mixture with MWCNTs was compared with 
a reference mixture without MWCNT addition. Furthermore, the piezoelectric 
properties of the MWCNT mixture were measured during the compression test. The 
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electric resistivity was measured according to the four-pole method by using a 
Proceq Resipod Resistivity Meter. 
3.3.8 Radiation Shielding Properties 
Another important property of heavyweight concrete is the attenuation of 
radiation. The degree of attenuation of any material can be expressed with the linear 
attenuation coefficient μ (cm-1) which depends on the energy of the radiation and 
the absorption material. The use of μ is limited by the fact that it changes when the 
density changes, even for the same material. For example, μ of water in its liquid 
form is different than the μ of ice. That is why the mass attenuation coefficient μ/ρ 
(cm2/g), which is independent to density, is used more often [37]. The mass 
attenuation coefficient of olivine and limestone concrete were calculated using the 
XCOM program by NIST [38]. The input data is the chemical composition of the 
mixture and the output, the μ/ρ for the radiation energy range of 1KeV-100GeV. The 
chemical composition of the mixtures was calculated by the chemical composition of 
each material that was available from previous research [39], and the participation 
of them in the mixture (b.w.). 
3.3.9 Additive manufacturing impementation 
The Zmorph 2.0S printer with the Thick Paste Extruder toolhead was available 
to test if the concrete mixtures are applicable for additive manufacturing (Picture 9)   
 
Picture 9: The toolhead and the 3D printer for the implementation of additive manufacturing  
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Unfortunately, the motor that extrudes the material was not so strong and 
the concrete could not be extracted from the nozzle. A solution to this problem 
could be the use of a wider nozzle or a different type of toolhead, but none of these 
solutions could be implemented since the available time of completing this 
dissertation was limited. Instead, a silicon extruder with a nozzle of 10mm was used 
successfully and the buildability versus workability was evaluated.  
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4.  Experimental Program 
Two groups of mixtures were prepared in the laboratory and tested for their 
physical and mechanical properties.  
4.1 1st Group of Mixtures 
In the 1st Group of mixtures, lightweight, normal weight and heavyweight 
concrete was produced using expanded perlite, limestone and olivine aggregates 
respectively. After preliminary tests, the target value of initial expansion of fresh 
concrete, according to EN 1015-3:1999, was 18-20 cm. The mixer used and the 
procedure that was followed was according to EN 196-1. The characteristics of the 
three mixtures along with observations regarding the consistency of fresh concrete 
are presented in Table 2.  
Table 2: Proportions of the mixtures and comments on their consistency 
Lightweight 
Ratio 
b.w. 
Normal weight 
Ratio 
b.w. Heavyweight 
Ratio 
b.w. 
Cement/Perlite 5,38 Cement/Limestone 0,50 Cement/Olivine 0,31 
Water/Cement   0,64 Water/Cement   0,82 Water/Cement   0,66 
Good homogeneity, no 
segregation 
Good homogeneity, no 
segregation 
Good homogeneity, no 
segregation, quick loss 
of consistency 
 
 
Picture 10: Evolution of expansion of fresh concrete 
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The cement/aggregate ratio is given by weight and is different for each 
mixture since the densities of the aggregates are different. Water was adjusted for 
each mixture in order to achieve the target expansion of fresh concrete. For perlite 
and limestone concrete, good homogeneity, no segregation and satisfactory 
workability of fresh mixture, even 40 minutes after mixing, was observed. On the 
other hand, workability of olivine mixture was more rapidly reduced as it can be seen 
in Picture 10. 
Drying shrinkage of mixtures was measured on prisms 2x2x28 cm for 28 days 
after mixing and results are shown in Picture 11. Olivine mixture showed the best 
results since drying shrinkage is lower. Perlite mixture had the highest change in 
length.  
 
Picture 11: Drying shrinkage of mixtures  
The properties of hardened concretes were also measured after 28 days of 
curing on prisms with dimensions 4x4x16 cm. The results of density, Ultrasonic Pulse 
Velocity (UPV), flexural and compressive strength are given in Table 3. 
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Table 3: 28 day properties of hardened concretes 
Mixture 
Apparent 
specific 
density 
(g/cm³) 
Ultrasonic 
pulse 
velocity 
(m/s) 
Flexural 
strength 
(MPa) 
Compressive strength (MPa) 
Specimen 1 Specimen 2 
Perlite      
Specimen 1 1,375 2890 3,11 13,81 15,63 
Specimen 2 1,352 2793 2,57 13,31 13,63 
Average 1,363 2842 2,84 14,09 
Limestone           
Specimen 1 1,953 3563 4,51 28,50 29,56 
Specimen 2 1,965 3556 4,16 26,81 29,56 
Average 1,959 3560 4,34 28,61 
Olivine      
Specimen 1 2,414 4425 5,01 33,50 37,06 
Specimen 2 2,410 4237 4,76 31,25 35,50 
Average 2,412 4331 4,88 34,33 
. 
The density of concretes changes when different aggregates are used. Perlite 
concrete has the lower density, limestone concrete has a higher density and olivine 
concrete the highest one. UPV and strength values follow the pattern of density with 
olivine concrete showing the best results.  
Fracture energy and Flexural Modulus of Elasticity (ET) were measured during 
the 3-point bending test from the obtained Load-CMOD curves (Picture 12). From 
these curves, it can be seen that olivine showed the highest energy absorption (area 
below the load-CMOD curve). The values of fracture energy GF and ET are presented 
in Picture 13 and 14. Perlite mixture has the lowest ET but exhibits higher fracture 
energy than limestone mixture. Best results were taken from the olivine mixture. 
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Picture 12: Load – CMOD curves of mixtures with different aggregates 
 
Picture 13: Fracture energy of mixtures with different aggregates 
 
Picture 14: Flexural Modulus of Elasticity of mixtures with different aggregates 
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4.2 2nd Group of Mixtures 
The first target of producing concrete mixtures with different densities was 
accomplished with the 1st Group of mixtures. Perlite and limestone concrete showed 
adequate workability that was retained for a period of time and also, good 
mechanical strength levels. Olivine concrete showed the best results regarding the 
mechanical properties but workability was rapidly reduced. In order to increase 
setting time of cement, a comercially available retardand was used (Sika 20R).  
MWCNTs were used to increase the mechanical properties of limestone 
mixture and to ascertain if this inclusion gives self sensing properties to concrete. 
Before the addition of MWCNTs in the mixture, they must be dispersed in the mixing 
water. The combination of surfactan (Chemium 174) and ultrasonication was used to 
achieve effective dispertion of MWCNTs in water and avoid formation of 
anglomerates. A limmestone mixture with addition of surfactan was prepared as 
reference and compared to one with MWCNts. The characteristics of the three 
mixtures that constitute the 2nd Group are presented in Table 4 and the properties of 
fresh concrete in Picture 15. Since a higher number of specimens was casted, the 
mixxing equipment shown in Picture 16 was used instead of the one proposed by EN 
196-1 in order to prepare a larger batch quantity. However, the mixing sequence was 
kept the same. 
Table 4: Characteristics of 2nd group of mixtures 
Limestone 
Ratio 
b.w. 
Limestone+MWCNT 
Ratio 
b.w. 
Olivine 
Ratio 
b.w. 
Cement/Lim. 0,50 Cement/Lim. 0,50 Cement/Olivine 0,31 
Water/Cement   0,82 Water/Cement   0,89 Water/Cement   0,55 
Ghemium 
174/Cement   
0,005 
Ghemium 
174/Cement   
0,006 Sika 20R/Cement   0,003 
    MWCNT/Cement   0,001     
Good homogeneity, no 
segregation  
Good homogeneity, no 
segregation, darker colour 
Good homogeneity, no 
segregation 
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Picture 15: evolution of expansion with time 
 
Picture 16: Mixing equipment for preparing the mixtures 
The use of a retarder reduced the water/cement ratio and improved 
workability of olivine concrete over time, as expressed by the expansion, in 
comparison to the olivine mixture of the 1st Group (Picture 17). The addition of 
MWCNTs in the limestone mixture slightly reduced workability, even though extra 
water was used (water/cement ratio 0,89 instead 0,82). Also, MWCNTs changed the 
colour of concrete from white to grey.  
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Picture 17: Effect of retarder addition in the olivine mixture 2nd Group 
The results of density, Ultrasonic Pulse Velocity (UPV), flexural and 
compressive strength are given in Table 5. 
Table 5: 28 day properties of hardened concretes 
Mixture 
Apparent 
specific 
density 
(g/cm³) 
Ultrasonic 
pulse 
velocity 
(m/s) 
Flexural 
strength 
(MPa) 
Compressive strength 
(MPa) 
Specimen 1 Specimen 2 
Limestone           
Specimen 1 1,949 3960 4,89 28,13 29,56 
Specimen 2 1,957 3810 3,17 24,94 25,00 
Average 1,953 3885 4,03 26,91 
MWCNT+Limestone           
Specimen 1 1,934 3774 4,02 25,44 28,94 
Average 1,934 3774 4,02 27,19 
Olivine 
     
Specimen 1 2,461 5333 6,15 49,50 48,75 
Specimen 2 2,395 5263 6,37 47,69 49,19 
Average 2,428 5298 6,26 48,78 
 
The addition of MWCNTs in the limestone mixture did not affect density and 
UPV. The results of flexural and compressive strength are the same as the reference 
limestone mixture, but it must be taken into consideration that higher amount of 
water was added (in order to achieve adequate workability). Fracture energy and 
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Modulus of Elasticity were increased with the incorporation of MWCNTs (Pictures 
18,19).  
The Fracture energy and Modulus of Elasticity of the improved mixture of the 
2nd Group with olivine aggregates was higher compared to the one from the 1st 
Group. 
 
 
Picture 18: Fracture energy of mixtures with different aggregates 
 
Picture 19: Flexural Modulus of Elasticity of mixtures with different aggregates 
The electric resistivity of concrete mixture with MWCNTs was compared with 
a reference mixture without MWCNT addition. Furthermore, the piezoelectric 
properties of the MWCNT mixture were measured during the compression test. 
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Cylindrical specimens with 100mm diameter and 200 mm height were used for the 
test. With no loading, the electric resistivity of the mixture without MWCNTs was 
85,5 KΩcm while for the one with MWCNTs was 12,1 KΩcm. In Picture 20, the stress-
strain curve (blue colour) during compression is given along with the electric 
resistivity-strain curve (red colour). It seems that there is an inversely proportional 
correlation between load and electric resistivity.  
 
Picture 20: Stress-strain curve in comparison to electric resistivity-strain curve 
The olivine mixture was compared to limestone mixture by measuring the 
residual density, UPV, flexural and compressive strength of specimens exposed to 
600°C. After the egress of the specimens from the oven, it was observed that the 
ones with limestone aggregates suffered from extensive cracking as it can be seen in 
Picture 21.  
 
Picture 21: The upper specimen with limestone aggregates with visible cracks up to 0.5mm 
width in comparison to olivine specimen with no cracks 
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The values of the measured characteristics are presented in Table 6 and 
Pictures 21 and 22. Olivine mixture seems to have retained higher levels of strength 
compared to the limestone mixture. The UPV of limestone mixture is significantly 
reduced, which is an indication of existence of cracks in the matrix.  
Table 6: Density, UPV and flexural and compressive strength after heating 
Mixture 
Apparent 
specific 
density 
(g/cm³) 
Ultrasonic 
pulse 
velocity 
(m/s) 
Flexural 
strength 
(MPa) 
Compressive strength 
(Mpa) 
Specimen 1 Specimen 2 
Limestone           
1 1,609 1000 0,65 7,81 9,69 
2 1,609 1053 0,78 7,75 9,69 
Average 1,609 1026 0,72 8,73 
Olivine 
     
1 2,168 3333 3,57 35,50 40,50 
2 2,152 3200 4,36 36,25 33,25 
Average 2,160 3267 3,96 36,38 
 
 
Picture 21: Fracture energy of mixtures exposed to 600°C 
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Picture 22: Flexural Modulus of Elasticity of mixtures after exposure to 600°C 
The radiation shielding properties of olivine mixture were compared with the 
limestone mixture, by calculating the mass attenuation coefficient (μ/ρ) with the 
XCOM program and subsequently by multiplying with the density, the linear 
attenuation coefficient (μ) was obtained for energies 1 KeV to 100GeV. In all the 
range of the specter, the linear attenuation coefficient of limestone mixture is 
higher, meaning that it has better shielding properties compared to the limestone 
mixture.  
4.3 Buildability versus workability 
Buildability versus workability was estimated by applying multiple layers of 
material, one on top of the other, and observe when the layers collapse by their own 
weight. The measurement was conducted with the limestone mixture. With an 
expansion of 20 19 and 18cm, the maximum layers that were successfully applied 
were 3, 4 and 6 respectively (Picture 23,24,25).  
 
Picture 23: Mixture with 20cm expansion  
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Picture 24: Mixture with 19cm expansion  
 
Picture 25: Mixture with 18cm expansion  
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5. Conclusions 
The conclusions that can derive from the results of laboratory work are 
discussed in this chapter. Possible applications of the proposed mixtures are also 
given, and a method of applying steel reinforcement with concrete additive 
manufacturing is described. Finally, recommendations for further research are 
proposed.  
5.1 Discussion of laboratory results 
Results of the research work showed that the development of lightweight, 
normal weight and heavyweight concrete mixtures for additive manufacturing is 
feasible by using expanded perlite, crushed limestone and olivine as aggregates 
respectively.   
5.1.1 Lightweight concrete 
Consistency of fresh perlite concrete, as measured according to EN 1015-
3:1999,  was retained at acceptable levels for 40 minutes with good homogeinity and 
no observation of seggregation. Caution must be excercized when calculating the 
quantity of concrete that is going to be casted because the volume of perlite is 
reduced during mixing, due to the low strength of this type of aggregate. The 
reduction compared to limestone concrete was around 33%.  
Density of hardened concrete was kept less than 1370 kg/m³, while the 
mechanical strength was acceptable. 
5.1.2 Normal weight concrete 
Observations regarding consistency of fresh limestone mixture are the same 
as perlite mixture. Because of the finess of the limestone grains that were available, 
water/cement ratio was high in order to achieve adequate workability. The addition 
of superplasticizer (0,5% b.w. of cement) increased furthermore the initial 
workability (Picture 26). Density of hardened concrete was measured at 1960 kg/m³. 
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After 28 days of curing, compressive and flexural strength reached 28 and 4 MPa 
respectively.  
 
Picture 26: effect of superplasticizer addition on expansion 
5.1.3 Heavyweight concrete 
Consistency of fresh olivine mixture was rapidly reduced. Ten minutes after 
mixing, it droped to lower levels compared to 40 minute consistency of mixtures 
with other aggregates. In the additive manufacturing case, this fenomenon could 
cause problems due setting of fresh concrete inside the extruding equipment. 
However, by using a liquid retarder additive (0,3% b.w. of cement), consistency of 
olivine mixture was comparable with the concretes prepared with perlite and 
limestone (Picture 27). 
 
Picture 27: Effect of addition of retarder in olivine concrete 
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Density of olivine aggregate is 3300 kg/m³. However, the density of olivine 
concrete did not reach high levels (2410 kg/m³) but was higher compared to the 
other mixtures. This value occurred because the quantity of cement and water in the 
mixture was relatively high and reduced the final density of concrete. The 
mechanical properties of olivine concrete were the highest among the mixtures. 
Compressive strength was 48 MPa, flexural strength 6,3 MPa and Flexural Modulus 
of Elasticity 72 GPa. Residual mechanical properties of olivine concrete after 
exposure to high temperature (600°C) were retained at high levels. Radiation 
shielding properties were also measured by calculating the linear attenuation 
coefficient with XCOM program for energies 1KeV to 100GeV. Results showed that 
olivine concrete offers better attenuation of radiation compared to normal weight 
concrete with limestone aggregates. 
5.1.4 Concrete with MWCNTs 
The effective incorporation of MWCNTs in concrete in order to avoid 
formation of agglomerates requires the dispersion of them in the mixing water with 
combined use of surfactant and ultrasonic energy. MCNTs were added in the 
limestone mixture as a percentage of cement (0,1%). For the dispersion of MWCNTs 
in water, the surfactant/MWCNT ratio was 5 b.w. and the MWCNT/water ratio was 
0,002 b.w. Ultrasonic energy was applied for 60 minutes. The dispersion was 
successful since no agglomerates were formed as seen in the stereoscopic image 
(Picture 28). The addition of MWCNTs in the mixture slightly reduced workability, 
even though extra water was used (water/cement ratio 0,89 instead 0,82), as seen in 
Picture 29. Also, MWCNTs changed the colour of concrete from white to grey.  
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Picture 28: Stereoscopic image of the fractured surface 
 
Picture 29: Effect of MWCNT addition on consistency as measured by expansion 
Density and UPV values were not affected by MWCNT addition. The results of 
flexural and compressive strength are the same as the reference limestone mixture, 
but it must be taken into consideration that higher amount of water was added (in 
order to achieve adequate workability). If higher amount of superplasticizer was 
used instead of increasing the water/cement ratio, compressive and flexural strength 
of MWCNT mixture would probably be enhanced. Fracture energy and Modulus of 
Elasticity were increased with the incorporation of MWCNTs by 84 and 15% 
respectively. 
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The electric resistivity of concrete was reduced by 86% with incorporation of 
MWCNTs. Piezoelectric properties of concrete with MWCNTs were also detected in 
the laboratory (Picture 30). However, in situ calculation of stress applied to a 
concrete structure by measuring the electric resistivity is controversial since the later 
is also affected by other parameters, like humidity, carbonation and age of concrete.  
 
Picture 30: Stress-strain curve in comparison to electric resistivity-strain curve 
5.1.5 Comparison 
The above results mentioned for each mixture are presented together in 
order to make the comparison easier: 
 
Picture 31: Development of expansion of fresh concrete versus time after mixing for 
different aggregates 
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Picture 32: Density of hardened concrete for different aggregates 
 
Picture 33: UPV values of concrete with different aggregates 
 
Picture 34: Compressive and flexural strength of hardened concrete with different 
aggregates 
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Picture 35: Fracture energy of concrete with different aggregates 
 
 
Picture 36: Flexural Modulus of Elasticity of concrete with different aggregates 
The effect of exposure to 600°C of mixtures with limestone and olivine is 
given in the following Pictures. Both of the mixtures lost 11% of their original mass 
(Picture 37). UPV of limestone mixture after heating dropped to 1000 m/s, which is 
consistent with the observation of cracks in the matrix of the specimens (Picture 38). 
This mixture also suffered from significant loss of flexural fracture energy and 
modulus of elasticity (Picture 41,42).  On the other hand, the residual mechanical 
properties of olivine were retained at high levels. 
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Picture 37: Density of concrete with different aggregates at 20 and 600°C 
 
Picture 38: UPV of concrete with different aggregates at 20 and 600°C 
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Picture 39: Compressive strength of concrete with different aggregates at 20 and 600°C 
 
 
Picture 40: Flexural strength of concrete with different aggregates at 20 and 600°C 
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Picture 41: Fracture energy of concrete with different aggregates at 20 and 600°C 
 
 
Picture 42: Flexural Modulus of Elasticity of concrete with different aggregates at 20 and 
600°C 
The radiation shielding properties of olivine mixture were compared with the 
limestone mixture, by calculating the mass attenuation coefficient (μ/ρ) with the 
XCOM program and subsequently by multiplying with the density, the linear 
attenuation coefficient (μ) was obtained for energies 1 KeV to 100GeV. Results are 
given in the following Pictures (43,44,45). In all the range of the spectre, the linear 
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attenuation coefficient of limestone mixture is higher, meaning that it has better 
shielding properties compared to the limestone mixture. 
 
Picture 43: Linear attenuation coefficient of mixtures for energy range 1-150KeV (X-rays) 
 
Picture 44: Linear attenuation coefficient of mixtures for energy range 0,1-100MeV  
0,00E+00
1,00E+03
2,00E+03
3,00E+03
4,00E+03
5,00E+03
6,00E+03
7,00E+03
8,00E+03
9,00E+03
1,00E-03 1,00E-02
Olivine
Limestone
Energy (MeV)
μ (cm-1)
0,00E+00
1,00E-01
2,00E-01
3,00E-01
4,00E-01
5,00E-01
6,00E-01
1,00E-01 1,00E+00 1,00E+01 1,00E+02
Olivine
Limestone
Energy (MeV)
μ (cm-1)
   
  -43- 
 
Picture 45: Linear attenuation coefficient of mixtures for energy range 0,1-100GeV (high 
energy gamma-rays) 
5.1.6 Additive manufacturing implementation 
The attemp of implementing the limestone mixture for additive 
manufacturing using the Zmorph 2.0S printer with the Thick Paste Extruder toolhead 
was not successful.  This toolhead uses a motor that propels the piston of a siring in 
which the extruded material is placed. Unfortunately, the motor was not so strong 
and the concrete could not be extracted from the nozzle of 4mm width. A solution to 
this problem could be the use of a wider nozzle or a different type of toolhead with a 
screw extruder, but none of these solutions could be implemented since the 
available time of completing this dissertation was limited. Instead, a silicon extruder 
with a nozzle of 10mm was used successfully and the buildability versus workability 
was evaluated. The optimum value of expansion according to EN 1015-3 was 18 cm, 
but even lower expansion values could be tested if a screw extruder is used.  
5.2 Possible applications 
Lightweight concrete with expanded perlite aggregates could be applied for 
the construction of walls that do not require high strength levels, in order to take 
advantage of the enhanced insulating properties of lightweight concrete compared 
to normal weight.  This type of mixture could also be used to construct furniture or 
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architectural components of a building that would be more convenient to handle, 
because of the lower weight. 
Normal weight concrete produced with limestone aggregates showed a 
compressive strength of more than 25 MPa, which is enough considering that most 
of the buildings in Greece are constructed with concrete C20/25. This concrete 
mixture could be applied for constructing the bearing structure of a building or any 
other ceramic item. Addition of CNTs could be implemented in order to produce 
smart concrete.  
Olivine concrete could be used as concrete additive manufacturing material 
when high strength and protection against high temperatures and ionizing radiation 
is required. In a nuclear accident as the one in Chernobyl for example, instead of 
pouring concrete from a helicopter in order to minimize radiation pollution and risk 
the lives of the pilots, a robotic arm could build around the destroyed reactor a 
sarcophagus with the additive manufacturing process.  
5.3 Steel reinforcement in concrete additive manufacturing process 
If we consider the construction of a reinforced concrete column of a common 
building, the first step would be to place the longitudinal bars and transverse 
reinforcement. Then, the formwork is constructed around them and finally, concrete 
is poured inside the moulds from a specific height and compacted. After the 
hardening of concrete, formwork is removed. This procedure cannot be 
implemented in the additive manufacturing process. Reinforcement in concrete 
additive manufacturing is implemented by adding fibers in the mixture [10], or by 
imbedding steel mesh into each layer [3]. However, the final construction cannot be 
compared with traditional steel reinforced concrete.  
A way to use concrete additive manufacturing and have the final result of 
traditional reinforced concrete is described in this paragraph. If we consider again 
the example of the column, the concrete extruder can construct the formwork of the 
column and, if they exist, the surrounding walls. After a period of time, the 
reinforcement can be placed inside the “formwork” and concrete of high fluidity can 
be poured in order to join all the materials together. By this procedure it will take 
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more time to complete the structure but the result regarding the bearing properties 
of the final construction will be better compared to other concrete additive 
manufacturing reinforcement methods. 
5.4 Recommendations for further research  
Buildability in combination with extrudability are maybe the most important 
design factors of the concrete mixture for additive manufacturing, but they can be 
manipulated relatively easy by using chemical admixtures. However these two 
factors are also affected by the equipment that is used to extrude concrete 
(extruding method, width of nozzle, etc.). Different extruding equipments could be 
tested in order to select the optimum one. A way to evaluate them could be to check 
the extruded items for dimension tolerances (scanning with reverse engineering 
equipment and comparing with initial CAD models). 
Regarding sustainability, new materials of low environmental footprint could 
be used in the concrete mixture, like fly ash and steel slags. Different types of fibers 
could also be added to increase green strength and toughness of concrete. 
Laboratory investigation on the static and dynamic response of actual scale 
building elements produced with additive manufacturing would be interesting in 
combination with simulation calculations. 
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